Scanning tunneling microscopy reveals LiMnAs is a room temperature anti-ferromagnetic semiconductor We performed scanning tunneling microscopy and spectroscopy on a LiMnAs(001) thin film epitaxially grown on an InAs(001) substrate by molecular beam epitaxy. While the in situ cleavage exposed only the InAs(110) non-polar planes, the cleavage continued into the LiMnAs thin layer across several facets. We combined both topography and current mappings to confirm that the facets correspond to LiMnAs. By spectroscopy we show that LiMnAs has a band gap. The band gap evidenced in this study, combined with the known Néel temperature well above room temperature, confirms that LiMnAs is a promising candidate for exploring the concepts of high temperature semiconductor spintronics based on antiferromagnets. 3, 4 Increasing the substitutional Mn-doping and thus increasing T C beyond the current limits is a challenge from the growth perspective, and, moreover, it is unavoidably linked with increasing the carrier density far above the common semiconductor doping levels. Mašek et al. 5 proposed to replace the III-V semiconductor hosts with I-II-V compounds in which there is no limit on the isovalent substitution of the group-II element by Mn, and the carrier doping can be controlled independently of the concentration of Mn. Ferromagnetism has been indeed recently demonstrated in Li(Mn,Zn)As; however, T C is still below room temperature. 6 The interest in the I-II-V semiconductors combined with the proposed concept of antiferromagnet-based spintronics 7 (recently realized in metal antiferromagnets 8 ) has brought the attention to the antiferromagnetic I-Mn-V compounds, particularly LiMnAs. 9 It has been suggested that considering antiferromagnetic instead of ferromagnetic semiconductors may overcome both the limitations of the low magnetic transition temperature and high carrier doping.
Epilayers of LiMnAs have been grown by molecular beam epitaxy (MBE) 9 showing the same crystal structure as the bulk materials, known for many years as high Néel temperature (T N > 393 K) compounds. 10 Despite the exhaustive characterization already presented, complemented by bandstructure calculations predicting the semiconducting nature of LiMnAs, only indirect experimental evidence of a semiconductor band structure was provided. Here we report on a scanning tunnel microscopy (STM) study which evidences that LiMnAs films grown on InAs(001) substrates have a band gap.
We use an Omicron low temperature STM for our investigations, operated at 5 K. We cleave our samples in ultra high vacuum (UHV) just before the measurements, exposing a clean and atomically flat {110} surface. The tips are electro-chemically etched from polycrystalline tungsten wire. Further preparation in UHV guarantees tips with atomic resolution that are stable for many days.
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The sample consists of a 300 nm LiMnAs layer on a InAs substrate, grown by MBE approximately one year ago; see Ref. 9 for the details of the MBE growth. Because of the known ageing issues connected with Li containing materials, a sample from the same wafer was investigated by x-ray diffraction (XRD) in parallel with the STM experiments. A decrease of the intensity and broadening of the LiMnAs peaks, as compared to XRD measurements reported in Ref. 9 , suggest a degradation of the upper part of the LiMnAs film with the free surface exposed to air. Therefore, we focused our STM analysis on the bottom part of the LiMnAs epilayer near the interface with the InAs substrate. Figure 1 shows a cross-sectional STM topography (a) and a current image (b), obtained at the InAs/LiMnAs interface. The feed-back loop is controlled by the tunneling current, and therefore the current image contains the error information of the topography scan. It can also be interpreted as the lateral derivative of the topography. We find the InAs/ LiMnAs interface at a distance of $300 nm from the sample surface, which corresponds with the thickness of the originally grown layer. This confirms that the main damage pointed out in the XRD experiments concerns the crystal structure, probably oxidation, but not evaporation or similar Fig. 1 , and the atomic corrugation is visible (inset). The cleavage on the LiMnAs layer is not flat and shows a very rough landscape with a scale of up to 6 nm. This is caused by the non parallel arrangement of the natural cleavage planes of InAs and LiMnAs. The current images ( Fig. 1(b) ) clearly reveal a periodic oscillation modulated on the sample topography. We will show in the following that this periodicity corresponds to the LiMnAs(001) material.
As shown in Fig. 2(a) , LiMnAs has a tetragonal crystal structure. The unit cell of LiMnAs is rotated by 45 , thus becoming almost perfectly coincidence-site lattice matched to the InAs substrate. 9 The Miller indices of both materials are shown in the image. Note that InAs is cubic and has a lattice constant of 6.06 Å along all directions. However, LiMnAs is compressed along the A key requirement for a natural cleavage plane is that it has to be non-polar. In case of LiMnAs it means that in the surface the ratio between Li:Mn:As should be 1:1:1. There are several planes that fulfill this requirement, for example, the LiMnAs(100) and (101) planes. The STM image reveals several facets. We identify which facet corresponds to which plane by comparing the angle between the facet and the LiMnAs(100) plane, which is equivalent to the flat InAs (1 1 0) surface. The line sections through the topography, taken parallel to the [001] direction, are shown in Figs. 1(c) and 1(d), for the trace and the retrace scan, respectively. For the trace scan the fast scanning direction was from bottom to top; for the retrace scan it was from top to bottom. Figure 1 (e) corresponds to the lateral derivative of the topography section in Fig. 1(d) , expressed in an angle. The topography section reveals at least two facets, which we locally fit by linear functions, in order to extract the angles between these facets and the LiMnAs(100) plane. Note that there is a strong signal in the current image, indicating that the feedback loop has not completely stabilized due to the steep facets. However, this effect is opposite for the trace and the retrace scan, and the angles obtained from the trace and retrace scan differ by less than 0.5 (see Figs. 1(c) and 1(d) ). We find a take off angle ð59:463Þ
for the steep part and We can furthermore compare the inter-atomic distances, which is best visible in the derivative of the topography (Fig.  1(e) ). From the STM measurement we obtain 4.8 Å for the LiMnAs(1 0 2) plane (the steep part) and 5.4 Å for the LiMnAs(1 0 1) plane (the flatter part). However, in STM a top view is measured. We thus have to correct them for the take off angles of the facets in order to compare it with the nominal values. We find ð9:4461:1Þ Å for the LiMnAs(10 2) plane and ð6:9260:4Þ Å for the LiMnAs(1 0 1) plane. These are slightly smaller than the nominal values of 10.55 and 7.50 Å obtained from XRD. This is probably due to surface reconstructions or due to thermal expansion, as the XRD measurements are performed at room temperature and the STM measurements at 5 K.
Having determined the facets and proven that it is crystalline LiMnAs, we perform scanning tunneling spectroscopy (STS) on this area in order to extract an estimate of the band gap. We take IðVÞ spectra on a grid of 256 px Â 256 px. Each spectrum runs from À2 to 2.1 V in 250 voltage steps. The differential conductance is obtained by numerically differentiating the I(V) curve after the actual measurement. The differential conductance d I/d V corresponds to the local density of states (LDOS) when a constant tip-sample distance (z tip ) is assumed. Figure 3 (a) shows a lateral d I/d V image at À1.54 V, obtained at the same area of the sample as is shown in Fig. 1 . The zoom of the cyan rectangle in (b) shows the STM current map to facilitate the comparison of the facets. In Fig. 3(c) , four d I/d V curves are shown. One is obtained at the InAs substrate (solid black, averaged over the black rectangle in Fig. 3(a) ) and the other three on the LiMnAs layer. The red dotted lines are obtained on the LiMnAs(1 0 2) facet (averaged over the red dotted rectangle in Fig. 3(b) ), the green dash-dotted on the LiMnAs(1 0 1) facet (averaged over the green dash-dotted line in Fig.  3(b) ), and the blue dashed on a different LiMnAs facet (averaged over the blue dashed rectangle in Fig. 3(b) ). From these curves, we can extract the width of the band gap. We measure the width of the band gap at d I/d V ¼ 0.1 pA/V and at d I/d V ¼ 0.5 pA/V, and we average these two values. The difference is a measure of the error. We find ð650650Þ meV for InAs, ð6306100Þ meV for LiMnAs(1 0 2), ð810650Þ meV for LiMnAs(1 0 1), and ð390650Þ meV for the last LiMnAs facet. The obtained value for InAs is larger than the bulk value of 418 meV. This is due to tip-induced band bending effects, 12-14 which lead to an overestimation of the band gap in STS measurements, typically by a few hundred meV. The same effect plays a role on LiMnAs. However, it is difficult to estimate whether the effect is smaller, similar, or larger than on InAs. It is therefore difficult to give a lower limit of the width of the band gap. The difference between the band gaps on the three LiMnAs facets might be due to surface states that move into the band gap. The different surfaces have possibly different surface reconstructions, which can affect the positions of the surface states. Furthermore, STS shows the smallest band gap, and in case the material has an indirect band gap, optical absorption measurements will give a higher value. All these considerations make it difficult to give a quantitative estimate of the band gap. However, from these STS measurements we can unambiguously conclude that LiMnAs has a finite band gap. Figure 3 To summarize, we have performed cross-sectional STM and STS on epitaxially grown LiMnAs. We found crystalline LiMnAs regions close to the InAs/LiMnAs interface, which we confirmed by identifying the facets and comparing the inter-atomic distances. STS on the same area revealed a band gap. This prove of the existence of a finite band gap, combined with the known Néel temperature well above room temperature, confirms that LiMnAs is a promising candidate for exploring the concepts of high temperature semiconductor spintronics based on antiferromagnets.
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